Introduction {#sec1}
============

Electrotransfection is a widely used gene delivery method because it is simple to apply, safe, and able to transfer genes to some difficult-to-transfect cells.[@bib1] The technique is also referred to as electroporation, electropermeabilization, electrogene transfer, and gene electroinjection in the literature.[@bib2] The main limitation of this technology is low efficiency, compared with viral gene delivery approaches.[@bib3] To significantly increase the efficiency, it is critical to understand how plasmid DNA (pDNA) is transferred from extracellular space to the nucleus for successful transgene expression.[@bib3] For exogenous molecules, such as pDNA, to enter the nucleus of a mammalian cell, they must overcome three physiological barriers:[@bib4] plasma membrane, cytoplasm, and nuclear envelope.[@bib2] Without help, few naked pDNA molecules can penetrate across the membrane, and less than 1/1,000 naked pDNA injected into the cytosol is effectively delivered into the nucleus.[@bib5], [@bib6], [@bib7] Furthermore, cytosolic injection of naked pDNA may result in no gene expression, although nuclear injection of the same pDNA can lead to transgene expression in 50%--100% of cells.[@bib8] Similar results are observed for lipid nanoparticle-mediated gene delivery.[@bib9] These observations demonstrate the importance of cytoplasmic trafficking and nuclear entry in gene delivery. At present, three routes have been proposed for pDNA entry into the nucleus: (1) direct entry when the nuclear envelope breaks down during mitosis, (2) transport through nuclear pores, and (3) direct transport across the nuclear envelope.[@bib10]

The nuclear envelope consists of two layers of phospholipid membrane through which there are channels formed by nuclear pore complexes (NPCs) to allow for exchange of molecules between the nucleus and the cytosol.[@bib11] When the nuclear envelope is intact, nuclear entry is mediated by passive diffusion or facilitated transport through the channels.[@bib12] For a molecule to enter by the diffusion, it must be significantly smaller than 9 nm[@bib10], [@bib13] or 40 kDa,[@bib14] which is the size of small proteins.[@bib15] The facilitated transport through the NPCs is limited to molecules up to 39 nm in diameter and requires signals on the imported/exported molecules. The radius of gyration of naked pDNA is ∼100 nm, which is significantly larger than the cutoff size of the channel in the NPC.[@bib16]

Although mechanisms of transport across the nuclear envelope remain uncertain for non-viral gene delivery, different delivery methods have been developed based on materials with intrinsic properties for overcoming this barrier. Some peptide and polymer-based non-viral vectors, such as polylysine[@bib17] and polyethylenimine (PEI),[@bib5], [@bib18] are capable of transfecting non-dividing cells. For example, when primary fibroblast cells in confluent monolayers are arrested at G1 by contact inhibition, polylysine-mediated gene delivery can still reach a high transfection level.[@bib17] Similar results have also been observed when pDNA is delivered via linear PEI.[@bib5] The vector has been observed inside the nucleus at early time points (as soon as 3 hr after transfection) before cell division.[@bib19] However, branched PEI complexed with pDNA is observed only in the cytoplasm.[@bib20] The average size of the non-viral vectors is 60--100 nm, which means that they cannot enter the nucleus through NPCs whose cutoff size are 20--40 nm.[@bib17], [@bib21], [@bib22], [@bib23] The observations above suggest that mechanisms of the nuclear entry of the non-viral vectors are complicated and may not be unique among different cells.

Three different approaches have been used to facilitate gene transfer into the nucleus. One approach is to deliver genes of interest into cells during the M phase when the nuclear envelope breaks down. A second approach is to sufficiently dilate the channel within the NPC, using nuclear pore dilating agents.[@bib24], [@bib25], [@bib26] The third approach is to incorporate DNA targeting sequence (DTS) into pDNA that contains binding sites for transcription factors with nuclear localization signals (NLSs),[@bib27], [@bib28] which can facilitate the nuclear import of pDNA through the NPC. By using these approaches individually or in combination, the current study was designed to determine how they could be used to enhance electrotransfection efficiency (eTE).

Results {#sec2}
=======

Cell-Cycle Synchronization {#sec2.1}
--------------------------

To transfect pDNA into cells when the nuclear envelope broke down, we synchronized cells through pretreatment with 100 ng/mL nocodazole for 16 hr. Nocodazole has a higher affinity to two self-assembly sites of tubulin, which can lead to depolymerization of microtubules.[@bib29] The depolymerization does not block cells to enter the M phase but inhibits mitotic spindle formation, which arrests cells in prometaphase with the nuclear envelope breakdown (NEBD).[@bib12], [@bib30], [@bib31], [@bib32] Using flow cytometry technique,[@bib33], [@bib34], [@bib35] we observed that the percentages of HCT116 and COS7 cells synchronized at the G2-M phase were 84.0% and 69.2%, respectively ([Figure S1](#mmc1){ref-type="supplementary-material"}). To visualize the depolymerization of microtubules, we transiently transfected HCT116 cells with a plasmid encoding fusion protein of GFP-α-tubulin. In transfected cells, the depolymerization, induced by nocodazole treatment, changed the α-tubulin distribution from a fiber-like network to a diffuse pattern ([Figure S2](#mmc1){ref-type="supplementary-material"}A).

Visualization of Nuclear Envelope Breakdown {#sec2.2}
-------------------------------------------

The nuclear morphology was visualized by staining cells with Hoechst 33342 dye, which binds to the minor groove of double-stranded DNA, particularly in adenine- and thymine-rich locations.[@bib36], [@bib37], [@bib38] The pattern of the dye distribution depends on the phase in cell cycle. In non-dividing or control cells, the nuclear staining with Hoechst 33342 dye outlined the nucleus ([Figures S2](#mmc1){ref-type="supplementary-material"}B and S2C). In nocodazole-treated cells that were arrested in the prometaphase, the dye was aggregated, presumably because of chromosomal condensation and segregation ([Figures S2](#mmc1){ref-type="supplementary-material"}B and S2C).[@bib39], [@bib40], [@bib41]

The NEBD in synchronized cells was visualized by using two methods to indicate the border of the nucleus: one was to label membranous structures in cells with a fluorescent dye (FM4-64FX), and the other was to express a fluorescent fusion protein, mCherry-Lamin A, in cells. In the first method, HCT116 cells were pretreated with 100 ng/mL nocodazole for 16 hr, followed by 30-min incubation with FM4-64FX in the presence of nocodazole. In non-dividing cells that were not treated with nocodazole, FM4-64FX accumulated around the nucleus to outline its border, indicating the presence of the nuclear envelope ([Figure S2](#mmc1){ref-type="supplementary-material"}B). In nocodazole-treated cells that were arrested at the prometaphase, the pattern of FM4-64FX distribution was diffuse throughout the cytosol and in regions labeled with Hoechst 33342 dye ([Figure S2](#mmc1){ref-type="supplementary-material"}B), indicating the NEBD in these cells. In a separate experiment, we switched the steps of synchronization and staining of cells, i.e., HCT116 cells were pre-incubated for 30 min with FM4-64FX, followed by nocodazole treatment at 100 ng/mL for 16 hr. The switch of the experimental steps had little influence on the patterns of FM4-64FX distributions (see [Figures S2](#mmc1){ref-type="supplementary-material"}B and S2C), indicating that FM4-64FX transport in cells was insensitive to depolymerization of microtubules induced by nocodazole treatment. It was likely to be achieved through diffusion and fusion of vesicles in the cytoplasm.

In the second method, the dissolution of the nuclear envelope was visualized by using cells expressing a fluorescent fusion protein mCherry-Lamin A. It is known that Lamin A stably binds to the nuclear envelope until the early prophase when it enters the cytoplasm.[@bib30], [@bib42] Therefore, Lamin A was served as a marker for the NEBD. It outlined the nucleus in non-dividing control cells and showed a diffuse pattern throughout dividing cells in the nocodazole-treated group ([Figure S2](#mmc1){ref-type="supplementary-material"}D).

Enhancement of eTE with Cell Synchronization {#sec2.3}
--------------------------------------------

Cells were synchronized at the prometaphase through treatment with nocodazole (100 ng/mL) for 16 hr. Then the cells were collected and washed with PBS (without magnesium and calcium) to remove nocodazole and resuspended in the pulsing buffer for electrotransfection. After electrotransfection, cells were cultured in fresh medium without nocodazole for 24 hr for transgene expression. It was observed that the synchronized cells had a significantly higher eTE compared with asynchronized ones ([Figure 1](#fig1){ref-type="fig"}A). The enhancement was apparently independent of the applied field for COS7 cells but was more significant for HCT116 cells when lower electric fields (less than 200 V/4 mm) were applied. To understand whether the enhancement was due to cell size increase induced by nocodazole treatment, we compared the cell size after synchronization. The diameter of COS7 cells (mean ± SEM) was 16.1 ± 1.1 μm in the untreated control and 17.0 ± 0.6 μm in the treated group, indicating that the nocodazole treatment slightly increased the size of COS7 cells. However, the same treatment had minimal effects on the diameter of HCT116 cells (26.1 ± 0.4 versus 26.2 ± 0.3 μm). Taken together, the enhancement in eTE was not likely to be caused by cell size increase.Figure 1Effects of Cell Synchronization with Nocodazole Treatment on eTE and Cell ViabilitySynchronized cells were electrotransfected with eight pulses for COS7 cells and six pulses for HCT116 cells. The pulse duration and frequency were, respectively, 5 ms and 1 Hz for all cells, and the applied field strength is indicated in the plots. Both eTE and cell viability were measured at 24 hr after electrotransfection. (A) The treatment increased eTE for both HCT116 and COS7 cells. (B) Numbers of viable cells were normalized by the matched controls that were not treated with nocodazole for each applied electric field. The normalized data (i.e., the relative number) were used as a measure of cell viability. In all experiments, n = 5, \*p \< 0.05. All bars and error bars indicate mean and SEM, respectively.

For HCT116 cells, we also noticed that the enhancement in eTE became statistically insignificant when the field strength was higher than 200 V/4 mm ([Figure 1](#fig1){ref-type="fig"}A), indicating that cell synchronization was unnecessary when the field strength was high. It was possible that a large amount of pDNA molecules were internalized by cells exposed to the high electric field, which saturated nucleases in the cytoplasm. As a result, there was still a sufficient amount of intact pDNA molecules left in the cytoplasm that were available for nucleus entry in both asynchronized and synchronized cells when the nuclear envelope eventually broke down during mitosis. In addition to the eTE, we observed that nocodazole treatment reduced HCT116 cell viability but had statistically insignificant effects on COS7 cell viability, compared with electrotransfection alone ([Figure 1](#fig1){ref-type="fig"}B).

To confirm that the enhancement in eTE was due to cell synchronization instead of other side effects of nocodazole, we used an alternative method to synchronize cells to the G2-M phase, which was achieved after 8-hr release from a double-thymidine block. Again, we observed that the eTE for the synchronized cells was significantly higher than that for the control cells ([Figure 2](#fig2){ref-type="fig"}A), suggesting that the increase in eTE shown in [Figure 1](#fig1){ref-type="fig"}A was attributable to the NEBD rather than off-target effects of nocodazole. Additionally, we observed that the thymidine treatment did not affect the viability for both COS7 and HCT116 cells ([Figure 2](#fig2){ref-type="fig"}B). These data demonstrated that it was possible to significantly increase eTE through cell synchronization at prometaphase without compromising cell viability.Figure 2Effects of Cell Synchronization with Thymidine Treatment on eTE and Cell ViabilityThe experimental procedures were the same as those described in the legend of [Figure 1](#fig1){ref-type="fig"}, except that the cells in the treated group (T) were synchronized with double-thymidine block followed by 8-hr release. Cells in the control group (C) were asynchronized. For COS7 cells, the electrotransfection involved 8 pulses at 160 V/4 mm, 5 ms, and 1 Hz. For HCT116 cells, it involved 6 pulses at 240 V/4 mm, 5 ms, and 1 Hz. (A) The synchronization increased eTE for both HCT116 and COS7 cells. (B) The synchronization had little effect on cell viability. In all experiments, n = 4, \*p \< 0.05. All bars and error bars indicate mean and SEM, respectively.

Effects of Nuclear Pore Dilation on Electrotransfection {#sec2.4}
-------------------------------------------------------

Dilation of nuclear pores may enhance the nuclear entry of pDNA. The dilating agent used in this study was trans-1,2-cyclohexanediol (TCHD),[@bib24] which is a small amphiphilic molecule that can easily cross the plasma membrane.[@bib25] The concentration and the period of TCHD treatment were optimized in a pilot study, which were 2% (w/v) and 1.5 hr, respectively, for COS7 cells, and 2% (w/v) and 2.0 hr, respectively, for HCT116 cells after electric pulsing. The treatment significantly increased the level of GFP expression (i.e., the fluorescence intensity per cell) ([Figure 3](#fig3){ref-type="fig"}A), but caused only a minor increase in the eTE for COS7 cells and had no effect on the eTE for HCT116 cells ([Figure 3](#fig3){ref-type="fig"}A).Figure 3Effects of Nuclear Pore Dilation on Electrotransfection and Cell ViabilityCells were treated with a nuclear pore dilating agent, trans-1,2-cyclohexanediol (TCHD), at 2% (w/v) immediately after electrotransfection. The electrotransfection involved 8 pulses at 160 V/4 mm, 5 ms, and 1 Hz for COS7 cells, and 6 pulses at 240 V/4 mm, 5 ms, and 1 Hz for HCT116 cells. (A) Effects of TCHD treatment on eTE, level of transgene gene expression (i.e., the fluorescence intensity), and cell viability. The experiment was performed with asynchronized cells. Cells in the experimental group were treated with TCHD for two different periods (T1 and T2). T1 and T2 are 1.5 and 3 hr, respectively, for COS7 cells, and 2 and 3 hr, respectively, for HCT116 cells. Cells in the control group (C) were electrotransfected, but not post-treated with TCHD. \*p \< 0.01, TCHD-treated groups versus C group. (B) The experimental protocol was the same as that in (A), except that the electrotransfection was performed with cells synchronized with nocodazole treatment (N). Cells in the control group were exposed to the same treatments as those in the experimental group, except the TCHD treatment. Thus, the control group in (B) is denoted as N to indicate that it was different from the control in (A). \*p \< 0.01, TCHD-treated groups versus N group. In all experiments, n = 5. All bars and error bars indicate mean and SEM, respectively.

When cells were treated with nocodazole for 16 hr, not all of them were synchronized ([Figure S1](#mmc1){ref-type="supplementary-material"}). Thus, we investigated whether TCHD treatment could enhance electrogene transfer in cells pretreated with nocodazole. Our data showed that the enhancement was minimal compared with that in the control group, where cells were pretreated with nocodazole only ([Figure 3](#fig3){ref-type="fig"}B), demonstrating that the nuclear pore dilation was less effective for improving electrotransfection, compared with the NEBD. The dilation of nuclear pores with TCHD also reduced the viability of cells, presumably because of disturbance of regulated exchange of molecules between the cytosol and the nucleus.

Effects of DTS on eTE {#sec2.5}
---------------------

DTS SV40 in pDNA can bind to various cytosolic transcription factors with NLSs that may facilitate nuclear entry of the pDNA through NPCs.[@bib43], [@bib44] In our experiments, we observed that the incorporation of SV40 sequence into pDNA increased the level of reporter gene expression (i.e., the fluorescence intensity per cell), compared with that with the control sequence in both asynchronized and synchronized COS7 cells ([Figure 4](#fig4){ref-type="fig"}A), but only increased the eTE for asynchronized COS7 cells. For HCT116 cells, the DTS had little effect on electrotransfection in both asynchronized and synchronized cells ([Figure 4](#fig4){ref-type="fig"}A). For both cell lines, the incorporation of DTS into pDNA did not increase the cytotoxicity of electrotransfection (see [Figure 4](#fig4){ref-type="fig"}).Figure 4Effect of Incorporation of Nuclear Targeting Sequence SV40 into pDNA on Electrotransfection and Cell ViabilityTwo different pDNA molecules were used in the experiment, which contained SV40 (SV40^+^) and a control sequence (SV40^−^), respectively. (A) Effects of SV40 incorporation on eTE, level of transgene gene expression (i.e., the fluorescence intensity), and cell viability. The experiment was performed with either asynchronized (Noc^−^) or synchronized (Noc^+^) cells. The synchronization was achieved with nocodazole treatment. In all panels, the data were normalized by those in the baseline control group (i.e., Noc^−^/SV40^−^); n = 4, \*p \< 0.05, experimental group versus the baseline control group; ^\#^p \< 0.05, Noc^+^/SV40^+^ group versus Noc^+^/SV40^−^ group. (B) The experimental protocol was the same as that in (A) for asynchronized cells, except that endosomal escape of electrotransfected pDNA was facilitated by photochemical internalization (Light^+^). Cells in the Light^−^ group were treated with the photosensitizer, but not exposed to the light. In all panels, the data were normalized by those in the baseline control group (Light^−^/SV40^−^); n = 4, \*p \< 0.05, experimental group versus the baseline control group; ^\#^p \< 0.05, Light^+^/SV40^+^ group versus Light^+^/SV40^−^ group. All bars and error bars indicate mean and SEM, respectively.

The incorporation of DTS into pDNA was less effective for improving eTE compared with cell synchronization. To understand whether it was due to entrapment of pDNA in endosomes, we pre-loaded cells with a photosensitizer and then exposed the cells to light after electrotransfection. Previous studies have shown that the photochemical reaction generates reactive oxygen species (ROS) that can cause rupture of the endosomal membrane. Therefore, the technique has been used to enhance the efficiency of gene delivery mediated by nanoparticles and some viral vectors.[@bib45], [@bib46] However, we observed that the photochemical reaction reduced eTE and had little effect on the level of reporter gene expression in both COS7 and HCT116 cells ([Figure 4](#fig4){ref-type="fig"}B). The trends were the same for pDNA with SV40 and its matched control ([Figure 4](#fig4){ref-type="fig"}B), indicating that the endosomal escape could negatively impact electrotransfection. This observation was consistent with those in our previous study using different pDNA.[@bib47]

Discussion {#sec3}
==========

The study provided direct evidence showing that the nuclear envelope was a critical barrier to delivery of pDNA via electrotransfection. It also compared the effectiveness of three different approaches to improving the nuclear entry of pDNA. It was observed that synchronization of the cells at the G2-M phase prior to electrotransfection could significantly increase the eTE and the level of reporter gene expression. The increases were presumably due to the NEBD before pDNA entered the cells, which allowed passive inclusion of pDNA in the nucleus after cell mitosis.[@bib17], [@bib48] Dilation of nuclear pores was a second approach for improving the nuclear entry, but it was less efficient than the NEBD (see [Figures 1](#fig1){ref-type="fig"} and [3](#fig3){ref-type="fig"}). Finally, the incorporation of DTS into pDNA could facilitate gene transfer into the nucleus in COS7 cells, but not in HCT116 cells (see [Figure 4](#fig4){ref-type="fig"}). The DTS and the cell-cycle synchronization had little toxicity to cells, whereas treatment of cells with TCHD or nocodazole could reduce cell viability. Taken together, the data indicated that pDNA transport into the nucleus could be effectively improved through either the incorporation of DTS, which was cell specific, into pDNA or the synchronization of the NEBD in dividing cells (see [Figures 1](#fig1){ref-type="fig"} and [4](#fig4){ref-type="fig"}).

Breakdown of Nuclear Envelope for Non-viral Gene Delivery {#sec3.1}
---------------------------------------------------------

For most non-viral methods of gene delivery, nuclear entry of pDNA occurs mainly during mitosis when the nuclear envelope breaks down naturally. To study mechanisms of nuclear entry of electrotransfected pDNA, a previous study separated HeLa cells into different groups based on the cell size, assuming that it correlates to the phase of cell cycle.[@bib18] Although the correlation is not very precise, the authors observed that eTE was high for cells in the middle S and late S/G2 phases, compared with those in the G1 phase. In the current study, we showed that eTE and the level of reporter gene expression could be significantly increased if the electrotransfection was performed in cells after synchronization of the NEBD.[@bib49], [@bib50] This observation was consistent with those in previous studies of non-viral gene delivery. It has been shown that the NEBD can enhance the efficiency of gene delivery by 1,2-dioleoyl-3-trimethylammonium-propane (DOTAP) and dioleoyl-phosphatidylethanolamine (DOPE) (1:1 mol/mol) in HeLa cells.[@bib51] Similarly, high expression levels of reporter genes delivered by various lipofection methods are only observed in actively dividing cells.[@bib6], [@bib17], [@bib18], [@bib48], [@bib51], [@bib52], [@bib53], [@bib54], [@bib55] These studies demonstrate that non-viral gene delivery, including electrotransfection, can be enhanced through NEBD, which means that the delivery is more efficient in dividing cells than in non-dividing ones.

In addition to the NEBD, the nuclear envelope can be permeabilized by nanosecond pulsed electric field (nsPEF) because treatment of cells with nsPEF causes leak out of nuclear proteins[@bib56] and increases the efficiency of electrotransfection mediated by a microsecond pulse.[@bib57] The permeabilization is likely to be less efficient than the NEBD for the nuclear entry of pDNA and does not happen in living cells after they are treated with microsecond or longer pulses. Therefore, the NEBD is still a more effective way for improving the nuclear entry of pDNA.

Nuclear Pore Dilating Agents {#sec3.2}
----------------------------

Nuclear pore dilating agents, such as trans-cyclohexane-1,2-diol (TCHD), have been used to increase expression levels of transgenes delivered by non-viral vectors. TCHD is an amphipathic alcohol (116.16 molecular weight \[MW\]) and, upon treatment of cells, allows translocation of larger molecules from the cytosol to the nucleus in a nuclear importer-independent manner. It was suggested that TCHD could increase the permeability of the NPCs through altering interactions between phenylalanine-glycine (FG) repeats to reduce hydrophobic exclusion of NPCs.[@bib58] As a result, TCHD has been used to improve lipofection in 293T cells[@bib59] and electrotransfection in B16.F10 cells.[@bib26] In the current study, TCHD could slightly increase eTE in COS7 cells and largely increased the levels of the reporter gene expression in all treated cell lines, demonstrating that TCHD was effective for increasing the nuclear entry of pDNA via the NPCs, but not for increasing the percentage of transfected cells. It is also important to note that treatment of cells with TCHD was less effective than synchronization of the NEBD for increasing both eTE and transgene expression level. Furthermore, TCHD was toxic *in vitro* when used in combination with electrotransfection (see [Figure 3](#fig3){ref-type="fig"}),[@bib26] although it was apparently non-toxic in mice *in vivo*.[@bib59] The discrepancy could be partly due to the differences in drug concentration and treatment period. The concentration of TCHD was fixed during the treatment in *in vitro* studies, but decreased rapidly after administration *in vivo*, because of tissue clearance.

Facilitated Transport through NPCs {#sec3.3}
----------------------------------

One approach to overcoming the nuclear envelope barrier is to enhance facilitated transport through NPCs. It can be achieved with NLS molecules.[@bib60], [@bib61] The NLS molecules can be exogenous or endogenous peptides or proteins that initiate active transport of attached cargos into the nucleus through direct interactions with the nuclear import system.[@bib62] In the current study, we observed that incorporation of a nuclear targeting sequence, SV40, into pDNA could improve electrotransfection in COS7, but not HCT116 cells (see [Figure 4](#fig4){ref-type="fig"}A), although SV40 has been considered as a universal DTS for mammalian cells.[@bib27], [@bib28] It is possible that HCT116 cells do not contain NLS molecules that can bind to SV40, or that the binding affinities and nuclear import system are less optimal in this cell line. If the affinities are low, pDNA will dissociate from the nuclear import system before it crosses the NPCs.[@bib63] It is also unknown how efficiently pDNA with the DTS can dissociate from the NLS molecules upon reaching the intra-nuclear space, and how the NLS molecules will affect biological activities of pDNA, which can potentially limit gene delivery and expression efficiencies.[@bib64] Data from synchronized COS7 cells shown in [Figure 4](#fig4){ref-type="fig"} demonstrated that SV40 was more effective for increasing gene expression level in COS7 cells than enhancing the eTE. Quantitatively, the observation could not be explained solely by the difference in intra-nuclear concentrations between pDNA with SV40 and the control pDNA without the sequence. Potentially, it might suggest that the pDNA with SV40 sequence had a higher transcription efficiency than its matched control. It can be laborious to design and synthesize nuclear target vectors with specific NLS or those that can bind to endogenous NLS molecules for each type of cell.[@bib65] Thus, the use of the NLS for improving the transport of DNA into the nucleus has achieved only limited success in applications.[@bib66]

Conclusions {#sec3.4}
-----------

This study elucidated the nuclear envelope as a main physical barrier to pDNA transport in cells that has critically limited the efficiency of electrotransfection. The barrier could be circumvented, without significantly compromising cell viability, by using NLS-mediated delivery or synchronization of the NEBD. It is also worth mentioning that although the study was performed with only two pulse sequences, its conclusions were likely to be valid for other microsecond and millisecond pulse sequences, because changes in the pulses should have little influence on mechanisms of the nuclear entry of naked pDNA. Results from the study could be useful for gene therapy applications that involve *in vitro* or *ex vivo* transfection, such as modification of T cells for immunotherapy. Electrotransfection can become a favorable choice for immunotherapy applications because it has been reported that efficiencies of many viral and non-viral methods for gene delivery are low in immune cells.[@bib67] Additionally, electrotransfection has been successfully used in transfecting cells that have been considered to be difficult to transfect.[@bib1] In future studies, experimental conditions will be optimized to further improve eTE so that the technology can be more widely implemented for clinical applications.

Materials and Methods {#sec4}
=====================

Cell Culture {#sec4.1}
------------

COS7 (African green monkey fibroblast-like kidney) and HCT116 (human colorectal carcinoma) cell lines were obtained from ATCC (Manassas, VA, USA). COS7 cells were cultured in high-glucose DMEM (GIBCO, Grand Island, NY, USA), supplemented with 10% (v/v) fetal bovine serum and 1% penicillin-streptomycin (15140-122; GIBCO). HCT116 cells were cultured in McCoy medium with 10% FBS and 1% penicillin-streptomycin. Cells were passaged every 2--3 days and were incubated at 37°C in 5% CO~2~ and 95% air.

Cell Synchronization {#sec4.2}
--------------------

We first prepared stock solution of nocodazole (M1404; Sigma-Aldrich, St. Louis, MO) with DMSO (5 mg/mL) and then added it to cell culture medium to make the final solution (100 ng/mL). The control solution was prepared by adding the equivalent volume of DMSO to cell culture medium without nocodazole. The solution of thymidine (T1895; Sigma-Aldrich) was prepared with cell culture medium (2 mM). The control solution for thymidine was fresh cell culture medium Cell synchronization was achieved with two methods. In the first method, cells were incubated with nocodazole at a concentration of 100 ng/mL for 16 hr. Thereafter, the synchronized cells were collected via trypsinization followed by neutralization with medium and then washed with PBS (without calcium or magnesium) to remove nocodazole. In the second method,[@bib68], [@bib69] cells were first incubated with 2 mM thymidine for 16 hr and then briefly washed three times with fresh medium, followed by incubation at 37°C in fresh medium containing no thymidine for 8 hr. Thereafter, the cells were treated again with thymidine for an additional 16 hr and released for 8 hr in fresh cell culture medium at 37°C. In the no treatment control group, the cells were treated with the control solutions, and all other experimental steps were the same as those in the treatment group.

Electrotransfection {#sec4.3}
-------------------

Each transfection was performed with 10^6^ cells. The cells were resuspended in 100 μL of pulsing buffer (Hepes buffered saline \[HeBS\]) with 6 μg of pDNA on ice. In most experiments, we used pEGFP-N1 (Clontech, Palo Alto, CA, USA), unless indicated specifically. In some experiments, we used pDNA with the SV40 sequence (pDD805) or its matched control that was generously provided by Dr. David Dean at University of Rochester. The cell suspension was transferred to electroporation cuvettes with two parallel plate electrodes spaced 4 mm apart. Cells were electrotransfected with the BTX ECM 830 Square Wave Electroporation System (Harvard Apparatus, Holliston, MA, USA). Unless indicated specifically, COS7 cells were treated with 8 electric pulses at 160 V/4 mm, 5-ms duration, and 1-Hz frequency; HCT116 cells were treated with 6 electric pulses at 240 V/4 mm, 5-ms duration, and 1-Hz frequency. The cuvettes were kept at room temperature for 10 min following the pulse application to allow the cells to recover before pipetting them to a six-well plate with full cell culture medium. The eTE and cell viability were measured at 24 hr after electrotransfection with flow cytometry.

Visualization of Microtubule Depolymerization {#sec4.4}
---------------------------------------------

HCT116 cells were seeded at a density of 0.5 × 10^6^ cells/well in a six-well plate. On the next day, cells were transfected with a plasmid encoding the fusion protein GFP-α-tubulin (pBABE-GFP plasmid, kindly provided by Dr. Terry Lechler at Duke University). The cells were transfected via Lipofectamine 2000 (11668019; Invitrogen) at a ratio of 1:3 (DNA:Lipofectamine) for 4 hr. Then the cells were transferred to full medium and cultured for 24 hr. Hoechst 33342 dye (H1399; Molecular Probes) was prepared as a stock solution of 10 mg/mL in ddH~2~O and used at a final concentration of 1 μg/mL to stain the nucleus prior to imaging.

Visualization of Nuclear Envelope Dissolution {#sec4.5}
---------------------------------------------

Two methods were used for the visualization of the nuclear envelope in cells. The first one was based on the FM4-64FX dye (F34653; Invitrogen, Carlsbad, CA, USA). It was added to the cell culture medium at a concentration of 5 μg/mL. The cells were incubated with the dye for 30 min either at the end of the nocodazole treatment or prior to the treatment. The dye initially bound to the plasma membrane and eventually reached the nuclear envelope via endocytosis and intracellular transport. Meanwhile, the nucleus was stained with Hoechst 33342 for 30 min prior to imaging. The second method was based on expression of a Lamin A fusion protein, in which the cells were transfected with a plasmid encoding mCherry-Lamin A (Plasmid 55068; Addgene, Cambridge, MA, USA). The procedures were the same as those described above for pBABE-GFP transfection. For imaging the dissolution of the nuclear envelope, fluorescence images were acquired with an Andor XD revolution spinning disk confocal microscope (Andor Technology) equipped with 40× and 100× oil-immersion objectives in the Light Microscopy Core Facility (LMCF) at Duke University.

Nuclear Pore Dilation {#sec4.6}
---------------------

TCHD (141712; Sigma-Aldrich) was first dissolved in full culture medium at the concentration of 5% (w/v) or 430 mM and then diluted to 2% with the same medium before being used. For cell treatment, the TCHD solution (2%, 500 μL) was added to the electroporation cuvettes containing pulsed cells at room temperature immediately after pulsing. After 10 min, the cell suspension was pipetted to six-well plates containing the TCHD solution (2%, 1 mL per well) and incubated at 37°C for the indicated periods. The treatment was blocked by dilution of the TCHD solution in each well with 5 mL of fresh medium without TCHD.

Photochemical Internalization {#sec4.7}
-----------------------------

The photochemical internalization (PCI) protocol was followed according to a procedure described in our previous study.[@bib47] Briefly, PCI was performed with an amphiphilic, sulfonated photosensitizer, TPPS~2a~ (T40637; Frontier Scientific, Logan, UT, USA). TPPS~2a~ was added to the culture medium at a concentration of 0.4 μg/mL from a stock dissolved in DMSO at 2 mg/mL. After 18 hr, cells were washed three times with cell culture medium and incubated in photosensitizer-free cell culture medium for 4 hr to remove the photosensitizer from the plasma membrane. Then the cells were electrotransfected with different types of pDNA indicated in the [Results](#sec2){ref-type="sec"}. At 10 min after application of electric field, the cells were exposed to blue light (375--550 nm with a peak at 435 nm) at an irradiance of 1.5 mW/cm^2^ for 2 min. The light was delivered by two Osram L 18/67 bulbs.

Cell Counting and Size Measurement {#sec4.8}
----------------------------------

Single-cell suspension was collected, mixed with trypan blue solution, and pipetted to a hemocytometer. The hemocytometer was inserted into the Countess II FL automated cell counter (Thermo Fisher Scientific, Waltham, MA, USA) to determine the concentration and the size distribution of viable cells. The histogram was used to determine mean and SEM of the cell size.

Flow Cytometry {#sec4.9}
--------------

The cell culture medium in the six-well plates was aspirated, and the adherent cells were washed with PBS without Ca^2+^ and Mg^2+^, trypsinized, and resuspended in a medium containing propidium iodide (PI) (5 μg/mL). The flow cytometer (BD FACSCanto II, Becton Dickinson, Franklin Lakes, NJ, USA) was set to collect 10,000 events for each sample. Control cells were used to correct for autofluorescence in flow cytometry analysis and were prepared under the same conditions as those for experimental cells, except that no plasmid was added to the pulsing buffer. Forward and side light scatter gating were used to exclude debris and isolate the cell populations of interest. The apparent eTE was defined as the number of viable cells expressing GFP (PI-negative, GFP-positive) out of the total number of viable cells (PI-negative). The level of GFP expression was quantified by using the geometric mean of the fluorescence intensity per cell that was PI-negative and GFP-positive. Viability of cells for each sample was determined by collecting events for 20 s under the "medium" flow rate setting in the flow cytometer, and applying forward light scatter gating and fluorescence detection to isolate the live cell population only (i.e., PI-negative). The viability was defined as the number of live cells in the treated group normalized by the non-treated control in each experiment.[@bib70] Cell cycle was determined by flow cytometry measurement after cells were fixed in 70% ethanol and stained with PI.[@bib34], [@bib71] The flow cytometer settings were kept constant for all experiments. FlowJo software was used in all data analysis.

Statistical Analysis {#sec4.10}
--------------------

The mean and SEM are reported for all data. The Mann-Whitney *U* test was used to compare data between two groups. The difference was considered to be statistically significant if the p value was less than 0.05.
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